ABSTRACT: Cyanobacterial blooming is a worldwide problem which sometimes results in cyanotoxin production. Most commonly produced cyanotoxins are microcystins (MCs), potent inhibitors of protein phosphatases. Protein phosphatase 1 (PP1) is known to be involved in the regulation of a variety of cellular processes. In this study, MC concentration was assessed via inhibition of protein phosphatase 1 (PP1 assay) in water samples taken from 14 lakes of Mužlja fishpond, Vojvodina, Serbia. During the summer of 2011, cyanobacterial growth occured in the fishpond lakes and small, planktonic crustacean Daphnia sp. was used to control or/and prevent further development of cyanobacteria. Different MC concentrations (calculated as microcystin-LR equivalents) were detected, mostly depending on the occurrence and grazing of Daphnia sp. More thorough monitoring of fishponds should be conducted, both in Serbia and around the world, in order to gain more precise estimation of cyanotoxin concentrations and their accumulation in organisms used for human consumption and thus prevent possible negative health effects.
INTRODUCTION
Cyanobacteria are a ubiquitous group of prokaryotes which produce a large number and variety of bioactive substances. These substances have a diverse range of biological activities and chemical structures, and can affect many biochemical processes within cells [Smith and Doan 1999; Singh et al., 2005] . Cyanobacterial blooms can occur as a result of increasing eutrophication of water bodies [Pearl et al., 2005] , during which cyanotoxins could be produced and released into water.
Some of the most common cyanotoxins in fresh waters are microcystins (MCs), cyclic heptapeptides which comprise a diverse group containing around 90 structurally similar congeners [Pearson et al., 2010] . These hepatotoxins are potent inhibitors of protein serine/threonine phosphatases (types 1 and 2A) in eukaryotic organisms [Runnegar et al., 1995] . Protein phosphatase 1 (PP1) is known to be involved in the regulation of a variety of cellular processes, such as cell division, glycogen metabolism, muscle contractility, protein synthesis, and HIV-1 viral transcription.
Cyanobacterial toxins and other secondary metabolites produced by cyanobacteria during blooming in fishponds present a potential health threat to aquatic life, and consequently, humans. The aim of this paper was to assess MC concentration in water samples from Mužlja fishpond in Serbia using PP1 assay.
MATERIALS AND METHODS
Water samples were collected from 14 different lakes (Maja, Veliko Klosi, Joca, Novo Mišino, Beba, Daphnia, Malo Klosi, Miša, Magda, Veliko lake, Lake 2, 3, 4 and 7) of Mužlja fishpond located in Vojvodina (Serbia) during 2011. Lakes were grouped as lakes of early introduction (Maja lake, Veliko Klosi lake, Joca lake, Novo Mišino lake, Lake 3 and 4), lakes of late introduction (Beba lake, Daphnia lake, Malo Klosi lake and Miša lake), and control lakes (Magda lake, Veliko lake, Lake 2 and 7). Early and/оr late introduction reffers to the time of Daphnia introduction into the lakes: early -before cyanobacterial blooms, and late -during or after cyanobacterial blooms. In control lakes, there was no introduction of daphnids. To compare the data, water samples were collected in shallow waters from piers or docks from the same sampling sites during September and November, 2011. About 1 liter of sample water was collected in plastic containers. The water samples were transferred to the laboratory within 6h from the sampling time.
In order to differentiate between potential intracellular and extracellular content of cyanotoxin, 100 ml of water samples were filtrated and the extracellular filtrate was stored at 4 °C until assay. Filters with cyanobacterial biomass (intracellular filtrate) have been dried over night. The next day 75% methanol has been used for extraction of cyanotoxins for 24 hours, then sonicated and centrifuged. Supernatants were stored at 4 °C until assay.
Method applied by An and Carmichael [1994] was optimized [Simeunović 2009 ] and used for MCs detection in water samples. This method is a colorimetric assay of inhibition of the enzyme protein phosphatase 1 (PP1). MCs inhibit PP1 enzyme activity and the detection of inhibition was performed by measuring the inhibiting effect of MCs on the activity of the enzyme, or to be more precise, separation of the phosphate groups of para-nitrophenylphosphate substrate (pNPP). Measuring the resulting product para-nitrophenol pNP (yellow), it is possible to determine the level of activity, and consequently, the level of enzyme inhibition from tested MCs and examined water samples. In the wells of microtiter plates 10 µl of the enzyme was placed, and 10 µl of standard or sample were added. Pure toxin MC-LR (Sigma-Aldrich) was used as a standard. After 5 min of preincubation, 180 µl of pNPP substrate was added. Inhibiting effect of MC-LR standard in the samples (level of pNP production) was measured after 2 hours of incubation at 37 ± 1 °C, at a wavelength of 405 nm using photometer microplate reader (MULTISCAN EX Termo Labsystems).
Pure toxin MC-LR was used for formation of standard curve which was the base for determination of MCs concentration (expressed as MC-LR equivalents) in the tested water samples. Detection of MCs was performed in three replicates and the results were expressed as mean values of three measurements.
RESULTS
Results of mean MC concentration in water samples from Mužlja fishpond in Serbia obtained via PP1 assay are presented in Table 1 . EI: Early introduction of Daphnia (before cyanobacterial blooming) in Maja lake, Veliko Klosi lake, Joca lake, Novo Mišino lake, Lake 3 and 4; LI: Late introduction of Daphnia (during or after cyanobacterial blooming) in Beba lake, Daphnia lake, Malo Klosi lake and Miša lake; C: Control lakes − Magda lake, Veliko lake, Lake 2 and 7.
Mean MC concentrations in three groups of Mužlja lakes were higher in September than in November, and intracellular toxicity was higher than extracellular. Lowest mean extracellular MC concentration was recorded in late introduction lakes, and the highest mean intracellular concentration in control lakes during September (1.655 and 108.2 μg/L, respectively).
Concentrations of total MC, intracellular and extracellular, in all the lakes of Mužlja fishpond during two investigated periods (September and November) are presented in Figure 1 . Higher values were detected in late introduction lakes (15-41.4 μg/L), and the highest concentrations were found in control lakes (48.1-180.9 μg/L) in September, 2011. In November of the same year the trend continued, with lowest concentration detected in early introduction lake (Maja lake: 9.4 μg/L), and the highest in control lake (Veliko lake: 149.2 μg/L).
EI: Early introduction of

DISCUSSION
Intracellular and extracellular concentrations of MC in water samples collected from the three groups of lakes of Mužlja fishpond during two investigated periods were detected using PP1 assay. During the summer all lakes bloomed and the presence of MCs in water samples from both investigated periods was confirmed.
Mean values of PP1 assay showed differences between intracellular and extracellular concentrations. In September, intracellular concentrations of MC were higher than in November. Also, it is obvious that in almost every sample group the detected intracellular concentrations were higher, which can be explained with the fact that 50% to 95% of the cyanotoxins is intracellular during the growth stage of the bloom [Chorus and Bertram 1999; Griffiths and Saker 2003] .
Furthermore, mean intracellular concentrations of MC in September and November were ten times higher in control than in early introduction lakes. The differences among the three groups of lakes were evident and the observed MC concentrations dependend on the occurrence of Daphnia sp. in fishpond lakes.
To be more precise, in lakes where the introduction of daphnids was done before cyanobacterial bloom, total MC concentration was the lowest (18.066 μg/L). Detected total concentration of MC in lakes where introduction of daphnids was realized during or after bloom was higher. The highest concentrations were detected in control lakes (110.4 μg/L). A total of MC concentration, both intracellular and extracellular, was the lowest in early introduction lake (Maja lake), and the highest in control lake (Veliko lake) for both investigated periods. Therefore, there is a noticeable impact of Daphnia species on MC concentration in water samples from Mužlja lakes.
Our findings are in accordance with previous studies by Pogozhev and Gerasimova [2001] , where it was shown that Daphnia longispina can control phytoplankton development and thus increase the transparency of blooming water and recovery of highly-eutrophic water bodies. Furthermore, Mohamed [2001] indicated that Daphnia feeds facultatively on toxic cyanobacteria under the conditions of depletion of edible food. Accumulation of MCs in Daphnia was also documented in the same study. These results should be taken into consideration when primary consumers such as Daphnia are used in the biomanipulation of toxic phytoplankton [Mohamed 2001] . Studies have shown that cyanobacteria have strong adverse effects on Daphnia and other zooplankton, such as increased mortality, decreased growth rate, delayed maturation and decreased offspring production [e.g. Lampert 1981; Hietala et al., 1995; de Bernardi and Giussani 1990; Lotocka 2001; Deng et al., 2008] . However, there is an evidence of behavioral adaptations of zooplankton which enhance their ability to coexist with toxic cyanobacteria [DeMott et al., 1991] . Moreover, in some cases the survival of daphnids was improved and size of the animals augmented when continuously exposed to toxic cyanobacteria [Gustafsson and Hansson 2004] . A recent research has shown that high concentrations of MC do not prevent Daphnia from strongly suppressing phytoplankton biomass in nature [Chislock et al., 2013] .
Fish can get in contact with cyanobacteria and their toxins, which may affect their growth, development, reproduction and survival. Some exposure routes are: active introduction by oral consumption of prokaryotic cells (especially in the case of phytoplanktivorous species) or other organisms that have accumulated cyanotoxins (e.g. zooplankton) [Li et al., 2004; Xie et al., 2004] ; and passive entry, through direct contact with the gill epithelium and the surrounding water containing toxins. However, it is frequently a combination of both of these types [Malbrouck and Kestemont 2006] . Therefore, cyanobacterial cells and daphinds with accumulated MC in fishponds can present a possible health risk for fish and the end consumers − humans.
CONCLUSION
During the summer of 2011, cyanobacterial growth occured in the lakes of Mužlja fishpond in Vojvodina, Serbia. Crustacean Daphnia sp. was used to control or/and prevent further development of cyanobacteria in fishpond. PP1 assay was used to give valuable information about the MC concentration of the sampled fishpond water. Depending on the occurrence of Daphnia sp. in fishpond lakes, different concentrations of MCs were obtained. Highest values were detected in control lakes and the lowest in lakes where introduction of daphnids was done before blooming. These results indicate the significance of timely introduction of phytoplankton grazing organisms, such as daphids, as a possible method for mitigation of blooming effects on aquatic life. More thorough monitoring of fishponds should be conducted, both in Serbia and around the world, in order to gain more precise estimation of cyanotoxin concentrations and their accumulation in organisms used for human consumption and thus prevent possible negative health effects.
